An inversion of the accurately measured frequencies of solar oscillations leads to a determination of the profiles of sound speed and density through most of the solar interior. This seismically inferred structure can be used to obtain the temperature and chemical abundance profiles inside the Sun and also to calculate expected neutrino fluxes. Even allowing for arbitrary variations in the input opacities and relaxing the requirement of thermal equilibrium, but assuming standard neutrino properties, it turns out to be difficult to construct a seismic model that is simultaneously consistent with any two of the three existing solar neutrino experiments. This conclusion is in agreement with similar results derived from general considerations, independently of any solar model. It therefore seems that non-standard neutrino physics is very likely to be responsible for low observed fluxes of solar neutrinos.
INTRODUCTION
Over the past three decades there have been valiant attempts to measure the flux of neutrinos released by the nuclear reaction network that is responsible for generating the thennonuclear energy in the solar core. The event rates reported by all the solar neutrino experiments to date are significantly lower than those predicted by the standard solar model (SSM) (Bahcall & Bethe 1990; Bahcall & Pinsonneault 1992; Ellis 1996) . It has also been demonstrated (Hata, Bludman & Langacker 1994; Castellani et al. 1997; Heeger & Robertson 1996) that the existing data from different solar neutrino detectors are not consistent with each other if the neutrinos are assumed to have standard properties (i.e. no mass, no magnetic moment, etc.) and the Sun is assumed to be in thennal equilibrium with constant luminosity, La (= 3.846 x 10 33 erg s -1), generated mainly by the pp-chain. These results are based on fairly general considerations and do not depend on any solar model. Even relaxing the luminosity constraint does not help in resolving the discrepancy (Heeger & Robertson 1996) . We examine this question within the framework of possible solar models that are consistent with the accurately measured frequencies of solar oscillations.
The accurately measured frequencies of solar oscillations provide stringent constraints on the admissible solar-models, and a better view of the thennal conditions prevailing in the central region of the Sun. This has important implications for the solar neutrino problem. These frequencies are in good agreement with those predicted for a standard solar model (Elsworth et al. 1990) , and moreover the agreement has improved over the years with more refined input microphysics like opacities and equation of state, as well as inclusion of diffusion of helium and heavy elements *E-mail: antia@tifrvax.tifr.res.in (lIMA); chitre@tifrvax.tifr.res.in (SMC) Proffitt & Thompson 1993; Chaplin et al. 1997) . Moreover, with the help of the equations governing the mechanical equilibrium of the Sun, the acoustic structure such as the sound speed and density in the solar interior can be inferred by inverting the currently available seismic data. The sound speed in solar interior is thus known to an accuracy of better than 0.1 per cent and the density profile to a somewhat lower accuracy (Gough 1985; Gough & Kosovichev 1990; Gough & Thompson 1991; Dziembowski et al. 1994; Antia & Basu 1995; Basu et al. 1996; Gough et al. 1996) . To obtain the temperature and chemical composition profiles, however, additional assumptions regarding thennal equilibrium and mode of energy transport, along with the input physics such as opacity, equation of state and nuclear reaction rates, are required (Antia &-Chitre 1995; Shibahashi & Takata 1996; Kosovichev 1996) . The inverted profiles for the sound speed, density, temperature and composition yield seismic models, which turn out to be pretty close to the SSM. The resultant neutrino fluxes are therefore also expected to be in reasonable accord with those predicted for the SSM (Antia & Chitre 1995; Bahcall et al. 1997) , provided it is assumed that the opacity of the solar material is close to that calculated from the current OPAL tables . On the other hand, Roxburgh (1996 Roxburgh ( , 1997 has explored the possibility of reducing the neutrino fluxes in computed seismic models by varying the chemical composition profile as well as by altering certain nuclear reaction rates. He has examined hydrogen abundance profiles which are obtained either by suitably scaling those in an SSM to generate the observed luminosity or by using a profile with constant hydrogen abundance in the core. In the present work, we consider more general composition profiles, and relax the thennal constraints for investigating the consequences of accommodating an arbitrary modification of opacities in seismic models to find that, for some opacity values, the individual neutrino fluxes can indeed be reduced to the observed level, but it is still difficult to match simultaneously any two of the three solar neutrino experiments.
RESULTS OF SEISMIC MODELS
The sound speed and density profiles inferred from primary inversion (Antia 1996) of the observed frequencies provide a somewhat robust framework for deriving the temperature and helium abundance profiles in the solar core. In our numerical computations, heavy element abundance is taken to be the same as that for the SSM including diffusion (Proffitt 1994) , and the solar material is assumed to obey the OPAL equation of state (Rogers, Swenson & Iglesias 1996) . Note that the abundance of heavy elements has a negligible influence on the equation of state and on the nuclear energy generation rate which is dominantly contributed by the ppchain. Only the opacity which, in any case, is allowed to have arbitrary variation in this work will be affected by errors in the assumed profile of Z.
Following Antia & Chitre (1995) and Chitre & Antia (1997) we express the helium abundance profile in terms of cubic B-spline basis functions by writing n,
where ai are the coefficients of expansion and cPi(r) are the cubic B-spline basis functions of which there are ns in number, based on uniformly spaced knots covering the solar core (r :s 0.3 Ro), where Ro is the solar radius. We do not consider the region beyond r = 0.3 Ro, since the energy generation, as well as neutrino production outside the core, is negligible. Once the helium abundance profile is specified, and the Z profile is taken from the SSM, the mean molecular weight p. is determined and we can obtain the temperature with the help of the equation of state and the known sound speed profile. To estimate the neutrino fluxes we also need the 3He abundance profile, which is calculated with the assumption that it is in nuclear equilibrium for T > 8 X 10 6 K, while at lower temperatures we use the 3He abundance profile from the SSM. With the knowledge of temperature, density and chemical composition, we can calculate the total energy L generated by the nuclear reactions as well as the neutrino flUxes. For this purpose we adopt the nuclear reaction rates from Bahcall (1989) except for that of the hep reaction eHe + p -+ 4He + e+ + p) for which we use the recent value quoted in Bahcall & Pinsonneault (1995) . The reason for choosing these older reaction rates is that the resulting seismic model then turns out to be consistent with observed properties without having to invoke any modifications in opacities.
Using the equations of thermal equilibrium (Chitre & Antia 1997) and allowing for up to 10 per cent uncertainties in opacities; we find that the central temperature of the Sun is in the range (15.3- 16.0) X 10 6 K and the corresponding neutrino event rates are in the ranges 5.3-10.5 SNUfor a 37CI detector, 116-143 SNUfor a 71Ga detector and (3.7 -8.0) x 10 6 cm-2 S-I for the 8B neutrino flux. If the latest OPAL opacities ) are adopted without any modification, then the seismic model so derived comes close to the SSM with the central temperature Te, total luminosity L and various neutrino fluxes as listed in Table 1 , together with 1(1 uncertainties arising from inversions and nuclear reaction rates. The neutrino event rate in the 37 C1 experiment can be lowered to the observed value if the opacities are reduced by a factor of 1.4, while, for the neutrino event rate in the 71 Ga experiment to be decreased to the observed value, opacities need to be reduced by a factor of 10, and, for the 8B neutrino flux to be reduced to the observed value, the opacities have to be cut down by about 15 per cent.
The main difference between this approach and our earlier work is that in Antia & Chitre (1995) the coefficients in the expansion of Y were determined by demanding that the profiles satisfy equations of thermal equilibrium with minimum changes in opacity. However, in this work we reverse the approach: here we are interested in finding seismic models with arbitrary modifications in opacities, and hence we do not bother about the equation of thermal equilibrium or the exact mode of energy transport. We therefore try all feasible values of coefficients in equation (1), with the restriction that the T and Y profiles are monotonically decreasing functions of the radial distance, and then estimate the total luminosity and neutrino fluxes in these seismic models. We should like to stress that these models are, of course, consistent with helioseismic data, and the unconstrained opacities required to obtain the thermal profiles in the solar interior can be estimated for any of these seismic models (Antia & Chitre 1995) . It is important to note that our analysis will be valid even if part of the energy is transported by WIMPs (Spergel & Press 1985; Faulkner, Gough & Vahia 1986; Diippen, Gilliland & Christensen-Dalsgaard 1986) or by waves, since this will effectively modify the opacity, which is kept completely free in this work.
With reduction of the central temperature in seismic models, the neutrino fluxes as well as the total luminosity are diminished. However, since the solar luminosity is known very reliably, we must constrain the computed luminosity in these models to equal the observed solar luminosity. The results for seismic models that have luminosity L0 are displayed in Fig. 1 . The dots in this figure show the neutrino fluxes for the Homestakes, GALLEXISAGE and Kamiokande solar neutrino experiments, predicted by various permissible seismic models. Also shown in the figure are rectangles demarcating 90 per cent confidence limits on measured fluxes as well as those estimated for the SSM (Bahcall & Pinsonneault 1995) . It is clear from this figure that there are seismic models that are consistent with the SSM. Remarkably, it is difficult to find any seismic model that is simultaneously consistent with any two of the three solar neutrino experiments within the 90 per cent confidence "CI (SNU)
"GB (SNU) Figure 2 . Neutrino fluxes in seismic models with arbitrary thermal profiles and without any luminosity constraint, and with errors added in the nuclear reaction rates and helioseismic inversions. The notation is the same as that in Fig. 1. limits. In fact, with the luminosity constraint, it is difficult to find any seismic model that is consistent with results from the gallium detector. The figure also indicates by crosses the results for seismic models computed by Roxburgh (199(l, 1997) , some of which have been constructed using drastically different nuclear reaction rates. It is, therefore, not very surprising that some of the crosses appear closer to the measured neutrino fluxes than do the dots representing our results. Note that the results shown in Fig. 1 do not allow for any uncertainty in the nuclear reaction rates or the helioseismically inverted profiles. These errors are larger than those in measured neutrino fluxes, but these uncertainties in neutrino fluxes are highly correlated. We therefore do not expect the dotted regions in this figure to get enlarged significantly due to these errors. In order to evaluate the effect of these errors we have attempted a Monte Carlo simulation by generating 5000 seismic models. The helium abundance profile in these models is obtained by randomly perturbing the Y profile in the SSM by up to 50 per cent. To generate these Y profiles, the coefficients in expansion (1) have been perturbed independently and randomly, by up to 50 per cent of their values for the model profile. In addition, the seismically inferred sound speed and density profiles are randomly perturbed with a distribution that is expected from the estimated errors in the inversions, and the nuclear reaction rates are also randomly perturbed by estimated errors given in Bahcall & Pinsonneault (1995) while calculating the neutrino fluxes. The resulting spread of dots is not substantially different from that shown in Fig. 1 , thus demonstrating that the errors in both nuclear reaction rates and inversion do not significantly alter their distribution.
To get the best possible agreement with observed neutrino fluxes, we can try to minimize the i function defined by
Here the summation is over the three solar neutrino experiments, and F~s are the neutrino fluxes in a seismic model, F~bs are the corresponding observed fluxes and dF are the quoted errors in observed values. The minimum x 2 over all feasible seismic models turns out to be 23.8 and is achieved for a seismic model with a central temperature of 1.5 x 10 7 K and which requires opacity reduction by a factor of 1.6. Table 1 lists the neutrino fluxes for this model, which are not consistent with all the solar neutrino experimental measurements. This seismic model obviously does not satisfy the luminosity constraint, but if the luminosity constraint is imposed then the minimum i increases to 37.8. Since the number of independent degrees of freedom in the data is not properly known, the statistical significance of these i values is not altogether clear. However, if we take the extreme view that there are three degrees of freedom corresponding to the three solar neutrino experiments, then it is possible to calculate the probability that all three experiments are consistent with the seismic models, U H. M. Antia and S. M. Chitre and this probability is listed in the last column of Table 1 . Thus, when the luminosity constraint is applied, the probability that any of the seismic models is consistent with all three solar neutrino experiments is only 3.1 x 10-8 , which increases to 2.8 x 10-5 when the luminosity constraint is relaxed. The significance of such a tiny probability is not altogether clear, because the probabilities will be significantly affected by any discrepancy in the error estimates, JF• A remarkable feature is the somewhat tight correlation of the chlorine and Kamiokande neutrino fluxes, which is, of course, not unexpected since the 8B neutrinos are the main contributor to the chlorine neutrino flux. On the other hand, the ppcontribution is overwhelming in the gallium neutrino flux, and there is some scatter to be expected in the 71Ga flux. The foregoing analysis assumes that the Sun is generally in thermal equilibrium, as we are constraining the luminosity to be equal to the observed value. It would be interesting to relax even this condition by not imposing any limit on the total computed luminosity, in which case the requirement of thermal equilibrium will not enter into our analysis at all. Furthermore, we also give up the constraint that the resulting T and Y profiles in the seismic models are necessarily monotonic, thereby allowing all possible profiles including those due to partial mixing of material in the core, and the presence of additional modes of energy transport like WIMPs and waves. To analyse this situation in practice, we generate seismic models using Y profiles obtained by randomly perturbing the helium abundance profile in the SSM by up to 50 per cent, but constraining Y to lie between 0.2 and 0.8 everywhere. Further, for each of these seismic models the inverted sound speed and density profiles, as well as the nuclear reaction rates, are also randomly perturbed to account for the estimated errors in them. The neutrino fluxes for 5000 seismic models so generated are shown in Fig. 2 . It is clear from the figure that, even after relaxing all restrictions and allowing for errors in nuclear reaction rates and inversions, it is still difficult to find a seismic model that is simultaneously consistent with any two of the three solar neutrino experiments. We notice from the figure that none of the 5000 points lies inside the 90 per cent confidence limit rectangle for observed fluxes in various plots. Further, for all seismic models shown in this figure the total luminosity which is left unconstrained is found to be within 15 per cent ofLo . After allowing for all these errors the minimum X 2 is reduced to 10.1 and the corresponding probability of this being consistent with experiments is about 1.8 per cent.
CONCLUSIONS
We conclude that, even after allowing for arbitrary modifications in opacities (or equivalently in the heavy element abundances Z) it is difficult to construct seismic models that are simultaneously consistent with any two of the three solar neutrino experiments. This is true even when the Sun is not assumed to be in thermal equilibrium and the deductions are freed from any assumptions about input opacity and specific mode of energy transport in the central regions of the Sun. The only constraints that are required for the analysis are that the sound speed and density in the solar interior can be prescribed from primary inversions of the helioseismic data, and that the nuclear reaction rates are known with neutrinos having standard properties. These results are consistent with those obtained by Heeger & Robertson (1996) 
